Enteropathogenic Escherichia coli (EPEC) infection triggers the release of ATP from host intestinal cells, and the ATP is broken down to ADP, AMP, and adenosine in the lumen of the intestine. Ecto-5-nucleotidase (CD73) is the main enzyme responsible for the conversion of 5-AMP to adenosine, which triggers fluid secretion from host intestinal cells and also has growth-promoting effects on EPEC bacteria. In a recent study, we examined the role of the host enzyme CD73 in EPEC infection by testing the effect of ecto-5-nucleotidase inhibitors. Zinc was a less potent inhibitor of ecto-5-nucleotidase in vitro than the nucleotide analog ␣,␤-methylene-ADP, but in vivo, zinc was much more efficacious in preventing EPEC-induced fluid secretion in rabbit ileal loops than ␣,␤-methylene-ADP. This discrepancy between the in vitro and in vivo potencies of the two inhibitors prompted us to search for potential targets of zinc other than ecto-5-nucleotidase. Zinc, at concentrations that produced little or no inhibition of EPEC growth, caused a decrease in the expression of EPEC protein virulence factors, such as bundle-forming pilus (BFP), EPEC secreted protein A, and other EPEC secreted proteins, and reduced EPEC adherence to cells in tissue culture. The effects of zinc were not mimicked by other transition metals, such as manganese, iron, copper, or nickel, and the effects were not reversed by an excess of iron. Quantitative real-time PCR showed that zinc reduced the abundance of the RNAs encoded by the bfp gene, by the plasmid-encoded regulator (per) gene, by the locus for the enterocyte effacement (LEE)-encoded regulator (ler) gene, and by several of the esp genes. In vivo, zinc reduced EPEC-induced fluid secretion into ligated rabbit ileal loops, decreased the adherence of EPEC to rabbit ileum, and reduced histopathological damage such as villus blunting. Some of the beneficial effects of zinc on EPEC infection appear to be due to the action of the metal on EPEC bacteria as well as on the host.
scribed previously (1) , where C T is the number of cycles to threshold. SYBR green PCR reagents were from Bio-Rad, and to reduce the cost, the PCR volume was reduced to 25 l. PCR was performed using a two-step protocol, with an annealing temperature of 58.7°C and denaturation at 95°C for 30 s for each cycle (i.e., with no extension step) for 35 cycles. Thermal melt-curve analysis was performed at the end of the PCR amplification and showed a single sharp peak for each of the genes analyzed.
EPEC infection in the rabbit ileal loop model. For details of the surgical procedures used to create the ileal loops, see the supplemental material. Experimental infection of the rabbits was performed at the Boedeker laboratory (Baltimore, MD, and then New Mexico) and at the Crane laboratory (Buffalo, NY). Animal use was approved by the institutional animal care and use committees at all of the sites. Data analysis. Error bars shown in the graphs are standard deviations. The statistical analysis was analysis of variance, using InStat 3.0 software (GraphPad Software, San Diego, CA), with the Tukey-Kramer posttest for multiple comparisons. Zinc was active in inhibiting the expression of many virulence factors at concentrations of 0.2 to 0.5 mM. To avoid excessive clutter on graphs, asterisks indicating statistical significance are not included in every instance where zinc had a significant effect. For example, zinc at concentrations of Ն0.1 mM produced significant inhibition of BFP (Fig. 1E , F, and G), but these instances are not flagged by asterisks.
RESULTS
As stated in the introduction above, the rationale for testing the effect of zinc in EPEC infection was our hypothesis that zinc could block EPEC bacterium-induced fluid secretion via the inhibition of ecto-5Ј-nucleotidase, a host cell enzyme (9) . Zinc acetate at 1 mM did inhibit EPEC bacterium-induced fluid accumulation in the model of rabbit intestinal loop infection (see Fig. 6 ), but this was accompanied by a significant decrease in EPEC bacterial adherence to the intestinal epithelium, an effect which was not explained by effects on ecto-5Ј-nucleotidase. Therefore, we expanded our study to determine if zinc had effects on EPEC bacteria that could account for zinc's effects on EPEC adherence. We found that zinc did have prominent effects on EPEC bacteria, including inhibition of expression of several EPEC virulence factors, such as BFP and EspA. We expanded our study by examining the effects of zinc on other gene transcripts by using real-time PCR and by testing the roles of the transcription factors per and ler in zinc's effects. Figure 1 shows the effects of zinc on EPEC growth and bacterial adherence to cultured cells and on BFP, as analyzed at the protein level. The effects of zinc are also contrasted with those of other transition metals. Figure 1A shows the effect of zinc on EPEC growth in DMEM. At short incubation times, zinc had little or no inhibitory effect on EPEC growth (less than 10% inhibition of growth at 1 mM zinc). With longer periods of subculture, low zinc concentrations (0.05 to 0.2 mM zinc acetate) still had no inhibitory effect on EPEC growth, while higher concentrations inhibited growth by up to 60%. Figure 1B shows that 0.5 mM zinc reduced the adherence of EPEC strain E2348/69 to HeLa cells to levels that were lower than those of the nonpathogenic, nonadherent E. coli strain HS. While zinc decreased EPEC adherence to the monolayer, it had no effect on the numbers of EPEC bacteria recovered from the supernatant medium (Fig. 1B, inset) . The effects of zinc on EPEC adherence to T84 cells were similar to that seen with HeLa cells. Visual adherence assays showed that 0.1 to 0.3 mM zinc also abolished the localized adherence pattern and converted the adherence pattern to one of diffuse adherence (photographs not shown). Since the localized adherence phenotype is strongly dependent on BFP, this was a clue that BFP might be affected by zinc. Figure 1C shows that zinc, when added to the medium after EPEC had already adhered to the host cell monolayer, was still able to abolish EPEC-induced ATP release from T84 cells in culture. ATP release is a complex and late form of EPEC infection-induced damage to host cells that requires intimate adherence, type III secretion, and delivery of bacterial effectors to the host cell. Figure 1D shows the results of immunoblotting analysis of BFP expression in two EPEC strains. Figure 1D shows that the expression of BFP, which is greatly increased when EPEC strains are grown in DMEM, was reduced to undetectable levels by 0.5 to 1.0 mM zinc in EPEC strains B171-8 and E2348/69. A concentration of 0.5 mM zinc also abolished the ability of EPEC to form clumps or autoaggregates in DMEM, a phenotype dependent on the BFP (34; also data not shown). Figure 1E shows a comparison of the effects of three other transition metals with that of zinc on BFP expression. Zinc acetate was more potent and more efficacious in the inhibition of BFP than MnCl 2 , FeSO 4 , and CuSO 4 . Ferric iron in the form of Fe 2 (SO 4 ) 3 gave results similar to those of FeSO 4 (data not shown). Compared to zinc acetate, zinc oxide was less efficacious in inhibiting BFP (Fig. 1F) . We did not test the effects of chromium or cobalt since we felt that these metals would be too toxic to test in vivo in the rabbit ileal loop model, even if they showed activity against EPEC in vitro.
The inhibitory effects of 0.5 mM zinc acetate on BFP expression were not reversed by an excess of iron in the form of FeSO 4 (Fig. 1G) ; in fact, the addition of 2 mM FeSO 4 actually inhibited BFP expression even more than 0.5 mM zinc alone. This suggested that zinc is not acting merely as an iron antagonist, for example, by competing with iron uptake. Figure 1H shows that zinc was able to inhibit BFP expression in the EPEC mutant strain B171-F ma , a hyperadherent mutant strain which overexpresses BFP due to an induced mutation in bfpF (4). B171-F ma contains changes in two consecutive amino acids (Gly 139 and Lys 140 ) within the nucleotide-binding domain in BfpF. In Fig. 1H , the BFP inhibition curves were generated by normalizing results to the no-zinc control of each strain. Figure 2 shows the effect of zinc on bfpA RNA levels in EPEC; bfpA encodes bundlin, the main structural subunit of BFP. Figure 2A shows that zinc inhibited bfpA expression in two EPEC strains at concentrations of 0.1 mM and higher. Note that 0.1 to 0.2 mM zinc did not inhibit EPEC growth (Fig.  1A) . Figure 2B and C show the effects of other divalent metals on bfpA expression. MnCl 2 and FeSO 4 did not inhibit bfpA expression at the concentrations tested (Fig. 2B) . CuSO 4 and NiCl 2 inhibited bfpA expression but not as potently as zinc (Fig. 2C ). Both CuSO 4 and NiCl 2 also inhibited bacterial growth at concentrations above 0.2 mM, but this effect was compensated for by the normalization method used. Figure 3 shows the effects of zinc on the production of EPEC secreted proteins, as analyzed at the protein level. Figure 3A and B show the effects of zinc on protein secretion as analyzed by polyacrylamide gel electrophoresis with silver-stained gels and by protein assay. Figure 3A shows that the effects of zinc were not uniform across different secreted proteins. While some protein bands decreased in intensity with zinc, other proteins appeared not to be inhibited by zinc at all and may even have been increased in the presence of 0.3 to 0.5 mM zinc (Fig. 3A) . Figure 3B shows the effect of zinc on the total protein concentration in the EPEC supernatants after concentration. Figure 3C and D show the effect of zinc on EspA in EPEC supernatant medium by immunoblot analysis. The ex-FIG. 1. Effect of zinc on EPEC growth, adherence, and BFP expression as analyzed at the protein level. EPEC strains were grown overnight in LB broth medium and then subcultured into serum-free DMEM with or without zinc acetate added to the concentration indicated. (A) The effect of zinc added to DMEM is shown for dilutions of 1:10 for 2 h and of 1:100 for 4 h. For the measurement of adherence and the analysis of BFP expression, a 2-h subculture was used (B and D to H). OD 600 , optical density at 600 nm. (B) Effect of zinc on EPEC adherence to HeLa cells compared to the nonpathogenic nonadherent E. coli strain HS. The inset shows the lack of inhibition of bacterial CFU recovered from the supernatant medium. (C) Effect of zinc on EPEC-induced ATP release from T84 cells. EPEC was allowed to adhere to T84 cells for 35 min in the absence of zinc, and then medium was changed to include the ATP regenerating system, and zinc was added. Zinc significantly inhibited EPEC-induced ATP release at all concentrations tested (P Ͻ 0.05). (D) Effect of zinc on BFP expression. Strains were subcultured for 2 h in LB medium (noninducing conditions) or DMEM (an inducing condition) plus various concentrations of zinc. Whole-cell bacterial suspensions were collected in SDS sample buffer and then subjected to electrophoresis followed by Western immunoblotting with an antibody against bundlin, the main structural subunit of BFP. In panels D to H, equal volumes of solubilized bacteria were loaded in each lane, since there is little or no effect of zinc on growth with a 2-h exposure. (E to H) Effect of zinc on BFP expression as analyzed by Western blotting with quantitation by densitometry scanning. Each line shown is the result (mean Ϯ standard deviation) of at least two separate experiments. To allow comparison of different blots, band density is expressed as a percentage of the no-zinc control for each experiment. In panels E, F, and H, zinc at concentrations of 0.1 mM and higher resulted in statistically significant inhibition of BFP expression levels. (G) Symbols: ** , statistically significant inhibition of BFP by zinc alone; †, statistically significant greater inhibition by FeSO 4 plus zinc compared to that of zinc alone. (H) Strain B171-F ma overexpresses BFP, but when expressed as a percentage of the no-zinc condition for that mutant strain, the potency of zinc in the inhibition of BFP is the same as that for the wild type.
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ZINC AND EPEC 5977 pression of EspA of strain B171-8 was more potently inhibited by zinc and was completely undetectable at 0.2 mM zinc compared to that of strain E2348/69, for which a 0.3 mM or higher concentration of zinc was needed to completely suppress the EspA band. Figure 3C also provides a hint that zinc may cause dysregulation of protein processing, because with strain E2348/ 69, 0.1 mM zinc triggered increased amounts of a ϳ12-kDa band recognized by the EspA antibody, apparently a proteolytic fragment of authentic EspA, which has a predicted mass of 20.5 kDa. Figure 3D shows a graph of the densitometry tracings of the EspA bands, with each experiment shown normalized to the no-zinc control.
To further investigate the effects of zinc on EPEC virulence factors, we analyzed its effects on RNA transcribed from genes of the locus for enterocyte effacement (LEE). Figure 4 shows that zinc had effects on RNA transcribed from espA (Fig. 4A) , espB (Fig. 4B), eae (Fig. 4C), and tir (Fig. 4D) . Zinc also inhibited the expression of espF (data not shown). Zinc's effects on eae and tir seemed to be less profound that its effects on the esp gene transcripts.
The tir, cesT, and eae genes are cotranscribed in a single polycistronic message (LEE5), so a similarity in the regulation of the eae and tir genes by zinc would be expected. Figure 5 shows experiments performed to try to determine the mechanism by which zinc inhibits the expression of BFP and Esp. Figure 5A shows that zinc inhibits the expression of the LEE-encoded regulator (ler) gene. Figure 5B shows that zinc also inhibits the expression of perA, although not as potently or as completely as it does the expression of ler. The Per proteins activate the transcription of per as well as bfp and ler, so zinc might interfere with Per's ability to activate itself (autoactivation loop). Figure 5C shows that zinc has equal effects on the bfpA gene of the wild-type strain E2348/69 and of the ⌬ler mutant, showing that ler is not required for zinc's inhibition of bfpA. Figure 5D shows the role of per in the inhibitory effect of zinc on bfpA. In the strain with a deletion of perA, perB, and perC (the mutant strain OG127), bfpA RNA was about 1% as abundant as that in the wild-type strain in DMEM in the absence of zinc. However, bfpA expression in strain OG127 was totally insensitive to the inhibition by zinc (Fig.  5D ). In the wild-type strain E2348/69, zinc inhibited bfpA expression by nearly 99%, meaning that in the presence of 0.5 mM zinc, the wild type and the ⌬per mutant had virtually identical levels of bfpA expression. Figure 5D shows that the inhibitory effects of zinc on bfpA require per. Figure 5E shows that the inhibitory effect of zinc on espA is totally abolished in the ⌬ler mutant; in fact, in the ⌬ler mutant, zinc paradoxically increased espA expression by almost twofold. Figure 5F shows, in contrast, that per was not necessary for zinc's effects on espA. In Fig. 5F , espA inhibition by zinc was not abolished in strain JPN15 (which lacks per carried on the EAF plasmid); instead, zinc appeared slightly more potent in the inhibition of espA expression in the JPN15 strain. Figure  5E to G show that zinc inhibition of espA and espB is dependent on ler but independent of per. Figure 6 shows the effects of zinc on EPEC infection in the rabbit ileal loop model. Figure 6A , B, and D show the gross appearance of EPEC-infected rabbit ileal loops with and without zinc added once to the loop at the time of infection. Rabbits were euthanized, and intestinal loops were collected at 19 to 20 h after infection. In loops inoculated with EPEC E2348/69 alone (Fig. 6A) , the ileal loops were tensely distended with fluid, like sausages. In loops which received 1 mM zinc along with the E2348/69 bacteria, the loops remained flaccid (Fig. 6B) . Fluid accumulation in the loops, expressed as FIG. 2. Effect of zinc on the expression of BFP as analyzed by reverse transcription and qRT-PCR. Bacteria were lysed with lysozyme, RNA was extracted and subjected to reverse transcription, and then the cDNA was diluted 1,000-fold. Real-time PCR was done in triplicate wells using oligonucleotide primers and monitored by fluorescence from SYBR green dye as described in Materials and Methods. Unknown gene expression was normalized relative to that of rrsB (16S rRNA). The normalized expression ratio was calculated using the 2 (Ϫ⌬⌬C T ) method, and then the ratio was multiplied by 100 to express it as a percentage of the no-zinc control. The growth period of strains was 5 h. (A) Effect of zinc on the expression of bfpA in two EPEC strains. Results are means Ϯ standard deviations for the volume-to-length ratio, is shown in Fig. 6C . One millimolar zinc completely blocked EPEC infection-induced fluid secretion into the loops ( Fig. 6C ; P Ͻ 0.05 compared to the value for EPEC alone). Interestingly, 0.1 and 1 mM zinc did not reduce the number of EPEC bacteria recovered from the loop fluid, expressed as CFU per loop ( Table 2 ). The lack of inhibition of EPEC bacterial numbers by zinc accords with the in vitro results (Fig. 1B and inset) and suggests that zinc is not acting simply by inhibiting EPEC growth. Figure 6E shows the histology of healthy rabbit ileum from control (uninfected) loops, while Fig. 6F shows the damage caused by EPEC infection without zinc. Figure 6G and H show the histology of loops infected with bacterial strain E2348/69 plus 0.1 mM zinc and E2348 plus 1 mM zinc, respectively. Ileal tissues were subjected to quantitative histological analysis by a blinded observer, and the EPEC-induced damage score included the villus-to-crypt ratio (a measure of the degree of villus blunting) and the percentage of enteroadherence (the percentage of the villus surface covered by EPEC bacteria). Both concentrations of zinc tested significantly reduced the percentage of enteroadherence by EPEC and protected against villus blunting (increased villus-to-crypt ratio) compared to that of E2348/69 infection without zinc (Table 2) . Figure 6D shows the gross appearance of a rabbit loop experiment performed with rabbit EPEC strain E22 with and without 1 mM zinc, demonstrating that the effects of zinc are confined to the actual loops receiving zinc, i.e., there was no cross-protection of neighboring loops. This localized protection suggests that zinc FIG. 3 . Effect of zinc on protein secretion and expression of EPEC secreted protein A (EspA). EPEC strains were subcultured in serum-free DMEM for 5 h, and then bacteria were removed by centrifugation and filtration, and 10 ml of the supernatant medium was collected, frozen, lyophilized overnight, and resuspended in 1.25 ml of water, resulting in an eightfold concentration. Secreted protein was analyzed by gel electrophoresis and silver staining (A), quantitated by protein assay (B) or analyzed by Western immunoblotting using antibody against EspA (C and D). Panel A shows silver staining of proteins secreted into culture supernatants, adjusted so that equal amounts of protein (0.6 g) were loaded per lane. Concentrations of zinc 0.2 mM and higher resulted in the disappearance of several bands (gray asterisks), while other protein bands were spared from inhibition and perhaps even increased in density at these concentrations (arrows) 
DISCUSSION
We began investigating the effects of zinc on EPEC infection-induced fluid secretion because of its ability to inhibit ecto-5Ј-nucleotidase, a host cell enzyme needed for the conversion of 5Ј-AMP to adenosine, a potent secretagogue in human and animal small and large intestines (9) . This theory appeared to be borne out by the ability of zinc to block EPEC infection-induced fluid secretion into rabbit intestinal loops (Fig. 5A to C) . However, analysis of the rabbit intestinal tissues also showed significantly reduced EPEC adherence and reduced villus blunting, effects which did not accord with the known roles of ecto-5Ј-nucleotidase. In addition, zinc was more efficacious in the inhibition of EPEC-induced fluid secretion into intestinal loops than ␣,␤-methylene-ADP (data not shown), even though ␣,␤-methylene-ADP is a more potent inhibitor of ecto-5Ј-nucleotidase than zinc (9, 26, 33) . Both of these findings led us to consider whether zinc might be acting on a target or targets other than ecto-5Ј-nucleotidase.
Zinc, especially at concentrations of 0.5 to 1 mM and at longer durations of subculture, did inhibit EPEC bacterial growth (Fig.  1A) . At lower zinc concentrations, the inhibition of EPEC E2348/69 growth was not seen, however (Fig. 1A) . At these lower, non-growth-inhibitory concentrations of zinc, strong inhibition by zinc was observed for the expression levels of BFP and EspA at the protein level ( Fig. 1 and 3 ). When analyzed at the level of RNA transcription, zinc strongly inhibited the abundance of RNA transcribed from bfpA and several of the esp genes, as well as the transcriptional regulators perA and ler themselves ( Fig. 2  and 4) . The inhibitory effects of zinc were not closely mimicked by other transition metals (ferrous and ferric iron, copper, nickel, or manganese). In addition, the effects of zinc were not reversed by an excess of ferrous iron (Fig. 1G) .
While this study was under way, Crowther et al. reported that BfpD, a component of the EPEC BFP, is a zinc-dependent ATPase (10). This initially led us to consider whether BfpD might be a target of zinc, leading to the inhibition of BFP expression at high concentrations of zinc. However, BfpD is not inhibited by zinc, even at concentrations as high as 10 mM (L. J. Crowther, personal communication), so this seems to rule out BfpD as a target for the inhibition of BFP or other virulence factors.
The mechanism of action of zinc on EPEC bacteria clearly involved the per gene and the ler gene. Indeed, there was a clear separation of zinc's inhibitory powers on different virulence factors. Zinc's inhibitory effects on bfpA were totally dependent on per but independent of ler ( Fig. 5C and D) . Conversely, the inhibition of transcription from the esp genes was totally dependent on ler but independent of per ( Fig. 5E to  G) . Zinc had weaker inhibitory effects on the expression of tir and eae. The LEE5 operon, which carries tir, cesT, and eae, was initially reported to be independent of regulation by ler (12, 23) . Later it was shown that LEE5 is regulated by ler but that ler regulation of LEE5 is somewhat more complex and more dependent on environmental factors (17) . This may explain why the inhibitory effects of zinc on the expression of tir and eae genes are less complete than zinc's effects on other transcripts ( Fig. 4C and D and Fig. 7B ).
The effects of zinc on EPEC bacteria are sufficient to completely explain the decreased adherence of EPEC bacteria to rabbit intestinal epithelium, as seen with HeLa cells (Fig. 1B) and in the rabbit ileal loop infections (Table 2) . Zinc strongly inhibits BFP and EspA expression and also inhibits intimin, all of which are important EPEC adhesins (24) .
The findings in this study challenge many long-held views about the actions of zinc in infectious diarrhea and about who might benefit from zinc in the prevention or treatment of diarrheal disease. Beneficial effects of zinc supplementation have been observed in treatment and prevention studies of diarrhea in many locations around the world (2, 3, 11, 16, 25, 32) . Until recently, these beneficial effects of zinc on the duration and severity of diarrhea were almost always interpreted as the result of correction of a zinc deficiency (11, 35) . However, evidence is emerging that the beneficial effects of zinc are not limited to those individuals with a preexisting zinc deficiency. For example, Sazawal et al. found that the protective effects of zinc were about as strong in the entire study population as in those subjects with significant zinc deficiency (plasma zinc levels of Ͻ60 g/dl [29] ). Studies with experimental animals challenged with enteric pathogens have also shown protective effects of zinc supplements, even though the animals were well nourished and had normal zinc levels. For example, Kelleher et al. found that zinc provided some added benefit against the challenge by enteropathogenic E. coli (strain E2348/69) in the rhesus monkey compared to that from a probiotic supplement (Lactobacillus reuteri) alone (19); these monkeys were not zinc deficient.
Other cherished beliefs challenged by the results presented here are the ideas that zinc acts by systemic absorption and by bolstering the acquired immune response to pathogens. While some systemic absorption of zinc probably can occur, our results (Fig. 6D ) also show that zinc's protective effects can remain localized to the portion of the intestine that actually receives the zinc. This suggests that zinc is acting locally, even within the lumen of the gastrointestinal tract, and that not all its effects require systemic absorption. In addition, the strong protective effects of zinc seen at 20 h of infection seem too early to be attributable either to enhanced humoral or cellmediated immunity. Last, the relatively high concentrations of zinc needed to see protection in vitro and in vivo have led us to regard zinc as acting more like a drug and less like a micronutrient in its protective effects against EPEC infection. If zinc is acting by interfering with the pathogen's expression of virulence factors, the effects of zinc may be pathogen specific. In the zinc-diarrhea field trials mentioned above, there was often little diagnostic microbiology performed, and in particular, few attempts were made to diagnose the difficult-todetect but common pathogens such as rotavirus, enterotoxigenic E. coli, and EPEC. Therefore, field studies of zinc in diarrheal disease did not reveal if there were particular pathogens against which zinc was especially helpful, such as EPEC, or if zinc was beneficial "across the board" for infectious diarrhea in general. Our study raises the possibility that particular pathogens may be more responsive to zinc than others, and identifying other such zinc-susceptible infectious agents should be a goal for future research.
Last, we do not discount the idea that some of the salutary effects of zinc in diarrheal disease are due to effects on host cells (Fig. 7C) . Our work suggests that ecto-5Ј-nucleotidase may be one such target (9). Hoque et al. have also shown that zinc inhibits a basolateral potassium channel which is necessary for the intestinal cell to sustain a chloride secretory response (18) , and other new host cell targets of zinc may be identified.
